Abstract-In SDMA-OFDMA wireless communication systems, the feedback load increases with the number of users, subcarriers and antennas in the cell. In this paper, we propose two efficient reduced feedback algorithms by selecting the clusters at the user side. For each cluster, we select the users according to their norm and their orthogonality. We evaluate the performance of the user selection algorithms considering the quantization effect. We also design a specific codebook design to quantize CSI for the proposed criterion. 
I. INTRODUCTION
Orthogonal Frequency Division Multiple Access (OFDMA) and Space Division Multiple Access (SDMA) are promising technologies for the flexible high-rate services in future mobile radio networks since the large number of degrees of freedom in space, frequency, and time can be provided using channel state information (CSI) at the transmitter side [1] . The OFDMA is based on orthogonal frequency division multiplexing (OFDM) and inherits its superiority of mitigating multipath fading and maximizing throughput . The SDMA uses a beamforming technique in a multiple-antenna system and multiplexes multiple users on the same subcarrier to increase the spectral efficiency. For OFDMA systems, the sum data rate can be maximized when each subcarrier is assigned to the user with the best channel gain. For SDMA-OFDMA systems, the sum data rate can be maximized when the optimal set of co-channel users is selected for each subcarrier [2] .
In order to exploit the full gain of the SDMA-OFDMA systems, the transmitter needs to know the CSI of all subcarriers, users and antennas. In time division duplexing (TDD) systems, CSI may be estimated at the transmitter using channel reciprocity, however, frequency division duplexing (FDD) systems lack of channel reciprocity. This problem can be overcome by sending the CSI from the receiver to the transmitter over a limited rate feedback channel. In this case, it is possible to use quantized CSI using a codebook that is known to both the transmitter and the receiver side [4] . The codebook design for narrowband single user communication system is a well studied problem [3] . The extension to the OFDM case has been considered in [5] [6] . In SDMA-OFDMA systems, the rate of the feedback link is high when all the users send their CSI. Besides that, a sophisticated resource allocation (RA) 1 The work was partially supported by the Tubitak-PIA Bosphorus Project.
algorithm is needed to efficiently assign the resources to all the users.
For OFDMA systems, Svedman and et al. [7] have proposed to reduce the feedback load using the so-called clustered S-best criterion where adjacent subcarriers are grouped into clusters and only the CSI related to the strongest S clusters of each user are feedback to the transmitter.
For multiuser multiple-input single-output (MU-MISO) systems with linear precoding, we have proposed in [8] a semiorthogonal user selection algorithm to reduce the feedback load by combining the classical norm criterion with a criterion based on the orthogonality between the co-channel users.
In this paper, we propose an efficient algorithm to reduce the feedback load for SDMA-OFDMA systems. We firstly extend the clustered S-best criterion for SDMA-OFDMA systems supporting up to N t beams with adaptive feedback rate schemes. We use the cluster structure where the correlation is high between the subcarriers within the cluster so that the feedback of only one value is sufficient, e.g. CSI values belong to the weakest subcarrier of each antenna or the minimum subcarrier in terms of channel vector gain. Since the amount of feedback information needed from each user depends on the number of users in the system, we define the number of clusters for which each user will feedback their CSI adaptively according to the clustered S-best criterion. We propose to combine the clustered S-best and the semi-orthogonal user selection criterion for SDMA-OFDMA systems using zeroforcing (ZF) precoding. We propose a codebook design by quantizing CSI for the proposed criterion considering the properties of the clustered S-best and the semi-orthogonal criterion.
This paper is organized as follows. In section II, we describe the system model of SDMA-OFDMA over multipath wireless channels including the resource allocation algorithm. Then, we present the reduced feedback designs for SDMA-OFDMA systems considering clustered S-best and the proposed combined criterion in section III. The quantization of CSI for the proposed criterion is broached in section IV. In section V, we show the performance and comparison results. Section VI draws the concluding remarks of this paper.
This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2009 proceedings 978-1-4244-3435-0/09/$25.00 ©2009 IEEE II. SDMA-OFDMA SYSTEM MODEL We consider a SDMA-OFDMA system with N t transmit antennas, K users and N subcarriers. In this model, the channel vector between the base station and the kth user for the nth subcarrier is described bȳ
whereH k,n,t is the channel information from the tth transmit antenna to the kth user for the nth subcarrier. For a system where N t ≤ K, let S n be the set of N t users scheduled at subcarrier n. The associated users' data are transmitted using ZF precoding [9] . ThenH(S n ) denotes the matrix consisting of N t channel vectors of the selected users at subcarrier n. The relation between the data vector S n (S n ) and the received signal for kth user and nth subcarrier can be written as:
where
where the total transmit power P T is equally shared between the subcarriers and the beams, X(S n ) ∈ C Nt×1 is the transmitted symbol from the base station antennas, subject to a short-term power constraint (the transmitted signal must satisfy the power constraint
The ZF transmit beamforming matrix is given bȳ
In order to keep the short term power constant, we have:
In order to reduce the amount of feedback information and simplify the RA algorithm, we will group N q adjacent subcarriers in a cluster. Then, the precoding vector will be identical within a cluster of N q subcarriers. The SDMA-OFDMA system with N t transmit antennas, K users and Q = N/N q clusters is drawn in Figure 1 .
Our first objective is to optimize the cluster and beam allocation in order to maximize the sum capacity under the total power constraint equally shared between the clusters and the beams applying ZF precoding. Mathematically, the optimization problem considered in this paper is formulated as,
where Consequently, only one user is allocated to each cluster and each beam.
The signal-to-interference-plus-noise-ratio (SINR) at user k on bth beam for qth cluster can be calculated as:
where N 0 is the power spectral density of additive white Gaussian noise (AWGN) and B w is the total available bandwidth.
The precoding matrix,W(S q ) calculated according to Equation (4), is defined by,
where W b (S q ) is the precoding vector for the bth beam and the qth subcarrier with the dimension of N t × 1.
The channel cluster vector H k,q associated to the kth user for the qth cluster is given by:
where H k,q,t is the channel information from the tth transmit antenna to the kth user for the qth cluster. H k,q can be calculated as follows:
III. REDUCED FEEDBACK DESIGNS
In order to exploit the multiuser diversity and maximize the sum capacity, the users with the highest supportable rate should be selected. However, this approach is unfair since the users with the lowest SINR will never be scheduled. To guaranty fairness, all the users should feedback the same amount of CSI. Nevertheless, the feedback rate can be reduced by letting each user sending their CSI to the base station associated only to a subset of clusters. In this paper, we will consider two criteria for the selection of these subsets for SDMA-OFDMA systems.
A. V1:Clustered S-best Criterion
For the Clustered S-best criterion, each user k selects independently a set S k composed of the S x clusters with the highest channel norm H k,q as a extension of the work presented in [7] to the SDMA-OFDMA case. Then, each user feedbacks the CSI associated to the selected clusters to the base station. Let T q be the set of users that have feedback their CSI associated to the cluster q:
Then, for each cluster q, the base station selects the set S q to maximize the data rate. Since the total feedback rate is proportional to KS x , it is reasonable to adjust S x in function of K according to a desired function S x = f (K). This function is calculated offline according to a given target. In [7] , the authors proposed to compute the function in order that the probability of less than α% of the cluster can be assigned as P target . This criterion can be extend to the multibeam case as follows:
Let introduce the indicator function I Nt q :
The criterion becomes
Another criterion can be to compute the desired function in order to reach 90% of the full CSI sum capacity.
B. V2:Proposed Combined Criterion
We propose to select the clusters according to the information on both the channel norm/quality and channel direction. For each cluster, firstly, we will select users whose channel directions are semi-orthogonal. Therefore, for each cluster we generate N t random orthonormal vectors φ i,q (N t × 1) , i = 1, . . . , N t . These vectors are the same for all the users but are independent between the clusters.
The users measure the orthogonality between their channels and the random vectors φ i,q for each cluster using the chordal distance as:
is the normalized channel vector of the user k and cluster q .
Let O Nt be the unit sphere lying in C Nt and centered at the original. Using the chordal distance metric, we can define a spherical cap on O Nt with center o and square radius th as the open set:
For the semi-orthogonal criterion, we have:
where T q is the set of near orthogonal users for cluster q. T k is the set of the selected clusters by user k:
Then, each user k selects a set S k of the S x best clusters from T k in terms of channel norm. From the sets S k ,k = 1, 2, ..., K, we can construct the set T q using Equation (13) for each q. The choice of is critical since it directly effects the number of users for each cluster. The percentage of clusters that are semi-orthogonal according to proposed criterion is approximately calculated as (2 100)%. Therefore, for each user, it is guaranteed that the proposed criterion is fulfilled by at least S x clusters when properly selecting the parameter .
IV. QUANTIZATION OF THE CSI
In order to transmit the CSI from the users to the base station, a classical solution is to quantize the channel direction information (CDI) and the channel quality information (CQI) before transmission over the finite rate feedback link. In [10] , the Lloyd algorithm was suggested for the design of the vector codebook. The codebook should be constructed by minimizing the maximum inner product between codewords and this results in the Grassmannian line packing solution when the channel vector is independent identically distributed (i.i.d).
The quantized normalized channel vector H norm b
(S q ) associated to the bth beam and qth cluster is taken from a set of 2 F vectors where F is the number of feedback bits.
A. Proposed codebook design

In contrast to the normalized i.i.d channel isotropically distributed in O
Nt , when we are using the semi-orthogonal criterion, the clusters are selected according to a spherical cap region. Consequently, it is important to build the codebook using a quantization of the localized region or local packing. A local Grassmannian packing with parameters N t ,o, th is a set of N c vectors, where N c is the codebook size,
is maximized. As in the i.i.d. case, we use vector quantization to design these local packings.
For the semi-orthogonal criterion, the codebook must be adapted according to the orthogonal vectors φ i,q . From the local packing associated to the spherical cap F (o) , it is possible to compute the local packing associated to the spherical cap F (o) using the rotation matrix.
where U rot is the unitary rotation matrix.
When the user CDI is inside the spherical cap region, the user will feedback log 2 (N c ) bits corresponding to the codebook index. In addition to that, it will be necessary to feedback log 2 (N t ) bits corresponding to the index of the vector φ i . Consequently, for a codebook size N c , log 2 (N c × N t ) bits will be necessary to quantify the CDI.
Although the selection of clusters using the semi-orthogonal criterion doesn't offer any gain when the CSI is not quantized, thank to the spherical cap, the quantization error of the CDI is much lower than using the classical quantization.
V. PROPORTIONAL FAIRNESS FOR SDMA-OFDMA Since we assume that the users are distributed heterogeneously, we choose to use the proportional fairness (PF) algorithm to allocate users by adding a set of nonlinear constraints. This scheduler brings a compromise between the sum capacity and the fairness. The fairness index (FI) is calculated by using Jain index [11] given as:
where R k is the user capacity. The FI ranges between 0 (no fairness) and 1 (perfect fairness) in which all users would achieve the same data rate.
In order to allocate the users to the clusters and beams fairly, we propose PF algorithm as following:
For each cluster q: 
End.
• Choose the S q user set to transmit from the qth cluster as
Then, we obtain S q = S j q .
• Update the capacity of the selected users given in S q . End.
Then, update the filtered capacity, T p,k at time p, for each user k:
whereC(p, k) is the effectively allocated capacity to user k at time p.
VI. PERFORMANCE EVALUATION
We perform the simulation results to illustrate the benefits of the reduced feedback user selection algorithms in a single-cell SDMA-OFDMA system. The users are uniformly distributed in the cell area and the simulation parameters are presented in the Table I. In order to compare the performance of the proposed designs, we show the sum capacity results of the quantized reduced feedback based on V1 and proposed V2 criterion. Before that, to define the feedback load, we should show the effect of number of selected clusters on the performance to adjust the sufficient adaptive feedback rate based on the number of users in the system. According to the percentage of clusters with at least one user feedback shown in Figure 2 and 3, the number of selected clusters is chosen to satisfy the 95% of the fulfilled ratio for different K values. Then, the corresponding value is defined as 2 Q is equal or higher than S x to guarantee that at least S x clusters are selected for each user. All these parameters required for the SDMA-OFDMA reduced feedback designs are listed in Table II . In the Table II , P 1 and P 2 are the parameters that indicate the percentages of the number of the clusters with at least one and two users respectively feedback the CSI to the base station for a given S x .
According to the parameters given in Table I and II, the performance results for the V1 criterion and the proposed V2 criterion are shown in Figure4 and 5, respectively. Q and D represent the number of feedback bits for CQI and CDI respectively. We can observe that the quantization of the channel quality information (CQI) has no impact on the performance for both criteria since Q4D4, Q6D4 and Q8D4 give almost the same sum capacity performances. The similar behavior is also observed for the case of CQI = 6 and 8. Therefore, we can conclude that only feedback of CDI to the base station is enough.
In Figure 6 , the proposed V2 criterion and the V1 criterion are compared for SDMA-OFDMA systems. According to the results, the proposed algorithm outperforms the clustered Sbest criterion. Since the SDMA-OFDMA systems are sensitive to interference, it is important to minimize the CDI quantization error. We can reduce the quantization error of the CDI using the proposed codebook design. Consequently the sum capacity performance of proposed V2 algorithm is much higher than V1 criterion. Moreover, when the number of CDI quantization bits decreases, the performance difference between the two criteria increases. 
VII. CONCLUSION
In this paper, we have proposed and evaluated two efficient algorithms to reduce the feedback load for SDMA-OFDMA systems considering quantization. The first one is the clustered S-best criterion that selects the feedback cluster according to their norm. The second one is the proposed combined method that selects the users according to their orthogonality and norm. For both criteria, the amount of feedback information is fixed. For the proposed criterion, since the users are selected according to a main direction, it is possible to build the CDI codebooks using a local packing. Thanks to the smaller CDI quantization error obtaining proposed codebook design, we have shown that the proposed scheme outperforms the clustered S-best criterion. Indeed, in an interference limited system, it is quite important to minimize the CDI quantization error.
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